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hypertension; oxidative stress; hydrogen peroxide THERE ARE SEVERAL FORMS of hypertension, in which the activity of the systemic renin angiotensin system (RAS) or circulating levels of angiotensin II (Ang II) are not primarily responsible for the elevated peripheral vascular resistance (5, 22 ). Yet many clinical trials have shown that angiotensin-converting enzyme (ACE) inhibitors or Ang II type 1 (AT1) receptor blockers efficiently reduce blood pressure and prevent vascular complications almost in all forms of hypertension (3, 4, 29, 31) .
Early studies have shown a complex interaction between intraluminal pressure and local vasoregulatory function in the arteriolar wall (9, 19, 20) . We (27) have found recently that in aortic banded rats, high pressure upregulates tissue ACE in arteries that are exposed to high intraluminal pressure but not in those exposed to normal pressure of the same rats, even though both types of vessels are exposed to the same circulating factors. A key role for the increased high pressure-induced production of reactive oxygen species (ROS) has been implicated in this process (27) as an underlying mechanism known to play a crucial role in hypertension-related vascular pathology (10, 11, 14, 15) . Moreover, these findings suggested a crucial role for pressure-sensitive upregulation of RAS in the wall of resistance vessels, independent of other confounding circulating factors, which can also be present in hypertension. Thus it is plausible that high pressure itself interacts with the elements of vascular RAS leading to an enhanced, local production of Ang II to exaggerate its well-known detrimental vascular effects (18) , independent of systemic RAS.
It is known that Ang II via activating AT1 receptors elicits pronounced constriction in resistance vessels (18) but is, however, markedly diminished on repeated application, known as Ang II tachyphylaxis (13, 17, 24, 28) . A unique feature of AT1 receptors is that they undergo rapid desensitization and consequent internalization on stimulation by Ang II (12, 16) . Normally, this mechanism limits the availability of the active AT1 receptors on the cell surface and consequently the regulation of vascular resistance (7) . It is possible that in various pathological conditions, such as in hypertension, this normal regulation of the AT1 receptor function is altered, which may lead to a sustained availability of active AT1 receptors. Yet the functional evidence supporting this idea and the possible underlying mechanisms are still lacking. Thus, in the present study, we have tested the hypothesis that short-term exposure of resistance arteries to high intraluminal pressure via eliciting enhanced production of ROS leads to sustained constrictions to Ang II via increased availability of AT1 receptors.
METHODS
Isolation of skeletal muscle arteries. All protocols were approved by the Institutional Animal Care and Use Committee at New York Medical College, Valhalla. Male Wistar rats (weighting ϳ300 g, n ϭ 40) were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg). Under anesthesia, gracilis muscles were excised and placed in ice-cold, oxygenated Krebs solution. Euthanasia was then performed by additional intraperitoneal injection of pentobarbital sodium (150 mg/kg). With the use of microsurgical instruments and an operating microscope, the gracilis arterioles (ϳ1.5 mm in length) of rats were isolated and cannulated as described previously (10, 11, 14, 15) . The cannulated arteries were connected with silicone tubing to a pressure servo control system (Living Systems Instrumen-tation) to adjust the intraluminal pressure. Vessel diameter was continuously recorded with a digital camera (CFW1310, Scion) connected to a microscope (Eclipse 80i, Nikon). Images were stored and analyzed with a computer.
Experimental protocols. In the first series of experiments, in the presence of 80 mmHg, cumulative concentrations of Ang II (1 nmol/l to 0.1 mol/l; Sigma) and norepinephrine (NE; 1 nmol/l to 0.1 mol/l; Sigma) were administered to the vessels, and changes in diameter were measured. Thirty minutes after washout, agonistinduced responses were repeated.
In separate protocols, repeated agonist-induced responses were also obtained in vessels, which were transiently exposed to high intraluminal pressure (160 mmHg for 30 min) before the second drug application. In similar protocols, vasoconstrictions to Ang II and NE were assessed in the presence of the selective Ang II type 2 (AT2) receptor inhibitor, PD-123319 (10 mol/l for 30 min). Responses to Ang II were assessed in the presence of the selective AT1 receptor blocker, telmisartan (10 mol/l for 30 min).
In other sets of experiments, repeated agonist-induced vasomotor responses were obtained in the presence of Tiron and polyethylene glycol (PEG)-catalase (10 mol/l and 200 U/ml for 30 min, respectively), both in normal and high pressure-exposed arterioles, to reveal the contribution of ROS in the altered agonist-induced arteriolar responsiveness. In similar protocols, arterioles were transiently exposed to hydrogen peroxide (H 2O2; 0.1 mol/l for 30 min), and agonist-induced arteriolar responses were obtained again in the presence of 80 mmHg pressure.
Data analysis. Data are expressed as means Ϯ SE. Agonist-induced vasoconstrictions were expressed as percent changes in arterial diameter. Statistical analyses were performed using GraphPad Prism Software (San Diego, CA) by repeated measures ANOVA followed by Tukey's post hoc test. P Ͻ 0.05 was considered statistically significant.
RESULTS

Intraluminal pressure and arterial constrictions to repeated applications of Ang II.
Original records show that in the presence of 80 mmHg intraluminal pressure increasing concentrations of Ang II elicited substantial constrictions in isolated skeletal muscle arterioles. These constrictions were primarily mediated by AT1 receptor activation since presence of the AT1 receptor blocker, telmisartan, markedly reduced constrictions to Ang II [maximum (max.) constrictions: before telmisartan, 64% Ϯ 5%; after telmisartan, 3% Ϯ 4%]. After 30 min, in response to the second application, Ang II elicited greatly diminished vasoconstrictions (Fig. 1A) in the continuous presence of 80 mmHg intraluminal pressure. If, however, the vessel was exposed transiently to high intraluminal pressure (160 mmHg for 30 min and then returned to 80 mmHg), the magnitude of constrictions to the second application of Ang II remained close to control (Fig. 1A) . Summary data show that compared with the responses of vessels exposed to normotensive pressure, exposure of vessels to high intraluminal pressure significantly augmented the constrictions to the second application of Ang II (Fig. 1, B and C) .
In similar conditions, arteriolar constrictions to Ang II were also measured in the presence of the selective AT2 receptor inhibitor, PD-123319, to reveal possible, if any, involvement of high pressure-dependent activation of AT2 receptors. Presence of PD-123319, however, did not significantly affect Ang IIinduced constrictions to exposure of either 80 or 160 mmHg pressure ( Fig. 2A) . Moreover, we have found that constrictions to the repeated administration of NE were maintained in the presence of normal 80 mmHg pressure and were not affected if arterioles were exposed to high intraluminal pressure or by the presence of PO-123319 (Fig. 2, B and C) .
Role of ROS in mediating pressure-induced sustained Ang II responsiveness. Previous studies have shown that high pressure, via oxidative stress, can affect several vascular signaling mechanisms. Thus, in this study, we have tested the hypothesis that high pressure-induced ROS, particularly H 2 O 2 production, is responsible for the sustained Ang II-induced constrictions. To this end, arterioles were incubated with superoxide anion scavenger Tiron and PEG-catalase, and responses to sequential applications of Ang II were obtained in arterioles. If arterioles were exposed to normal 80 mmHg pressure, sequential applications of Ang II elicited diminished arteriolar constrictions in the presence of Tiron and PEG-catalase similar to the responses in the absence of ROS scavengers (max. constrictions to Ang II at 0.1 mol/l: 1st application 58% Ϯ 7% vs. 2nd application 28% Ϯ 6%; P Ͻ 0.05). Original records and summary data show that presence of Tiron and PEG-catalase prevented the high pressure-induced augmentation of arteriolar constrictions to the second application of Ang II (Fig. 3) . In contrast, constrictions to NE were not affected [max. constrictions to NE at 0.1 mol/l: control 66% Ϯ 4% vs. after H 2 O 2 65% Ϯ 4%; not significant (n.s.)]. These findings suggested the involvement of H 2 O 2 in the high pressure-induced augmentation of Ang II-induced responses.
To confirm the specific role of H 2 O 2 , particularly the stable ROS, in the next series of experiments, in the presence of normal (80 mmHg) intraluminal pressure, Ang II-induced constrictions were obtained before and after the arterioles were transiently exposed to H 2 O 2 (0.1 mol/l for 30 min, Fig. 4 ). Whereas NE-induced constrictions were not affected by transient H 2 O 2 exposure (max. constrictions to NE at 0.1 mol/l: control 69% Ϯ 8% vs. after H 2 O 2 73% Ϯ 3%; n.s.), exposure of the vessels to H 2 O 2 augmented arteriolar constrictions to the second application to Ang II (Fig. 4) .
DISCUSSION
Augmented vasomotor actions of Ang II have been thought to be responsible for the enhanced peripheral vascular resistance in various form of hypertension (2, 18, 27) . Ang II, via activation of AT1 receptors, elicits constriction of resistance size arteries, which could lead to increased peripheral vascular resistance and hence systemic blood pressure. AT1 receptors possess a unique feature: on activation, they undergo rapid desensitization, becoming functionally unavailable for further stimulation, because they are internalized or located at the plasma membrane in an inactive state (12) . This process reduces the number of active AT1 receptors available for further stimulation. This physiological mechanism, in a negative feedback manner, regulates the functional availability of AT1 receptors, thereby preventing sustained Ang II-mediated vascular signaling, such as increases in vascular tone and peripheral resistance (7) . Under physiological conditions, sequential administration of Ang II elicits diminished vasoconstrictions. Present data confirm that, in the presence of normal levels of intraluminal pressure (80 mmHg for this size of arterioles), constrictions are substantially diminished on repeated administrations of Ang II. This phenomenon is also known as Ang II tachyphylaxis (13, 17, 24, 28) . One of the novel findings of the present study is that this normal physiological function is greatly altered if arterioles are transiently exposed to high levels of intraluminal pressure (160 mmHg). Specifically, we have found that constrictions of isolated skeletal muscle arterioles to Ang II remained substantial on the second administration of Ang II if the vessels were exposed to high intraluminal pressure for 30 min. The results that constrictor responses to Ang II were not affected by selective inhibition of AT2 receptors suggest that high pressure specifically interferes with AT1 receptor-mediated arteriolar responses. Moreover, we have found that constrictions to the ␣-adrenergic agonist, NE, were similar in magnitude on repeated administrations and were unaffected by the high-pressure exposure of arterioles. These latter observations revealed a different behavior of AT1 and ␣-adrenergic receptors in pressure sensitivity on repeated agonist stimulation. These findings also suggest that mechanisms regulating downstream contractile function of arterioles are unlikely to be affected by acute high-pressure exposure.
In this study, we have also investigated the possible underlying mechanisms responsible for the high pressure-induced augmentation of Ang II-induced constrictions. It seems to be well-established that in hypertension vascular oxidative stress contributes to the development of cardiovascular dysfunction (2, 6) . Despite extensive investigations, however, the role of ROS and their mechanism of action have not yet been fully elucidated in hypertension. It has been established that high intraluminal pressure itself elicits vascular oxidative stress (26, 27) . In this context, recently we have demonstrated that acute increases in pressure from 80 to 160 mmHg for 30 min in isolated arterioles elicit increases in the level of NAD(P)H oxidase-derived superoxide anion and H 2 O 2 in the vascular wall (26) . These findings indicated that high intraluminal pressure itself alters vasomotor mechanisms intrinsic to vascular wall, in part, by inducing ROS production. Thus, in the present study, we hypothesized that high pressure induces ROS production, which is then responsible for the augmented Ang II-induced arteriolar constrictions. To this end, arterioles were incubated with ROS scavengers, and responses to sequential applications of Ang II were observed in arterioles exposed to normal or high intraluminal pressure. We have found that the presence of ROS scavengers prevented high pressure-induced augmentation of arteriolar constrictions to the second administration of Ang II (Fig. 4) . In addition, ROS scavengers did not affect the magnitude of constrictions on repeated Ang II administration nor NE at a normal level of intraluminal pressure. We hypothesized a role for H 2 O 2 in this process, and therefore Ang II-induced constrictions were also obtained after the arterioles were transiently exposed to H 2 O 2 . Whereas transient H 2 O 2 exposure did not affect NE-induced constrictions, arteriolar constrictions to the second application of Ang II became augmented (Fig. 4) . Collectively, these findings suggest that ROS, particularly H 2 O 2 , is involved in the high-pressureinduced augmentation of the Ang II-induced constrictions, whereas constrictor responses mediated by ␣-adrenergic receptors seem to be less sensitive to oxidative stress and high pressure. Of note is that H 2 O 2 has been shown to activate MAPK in vascular smooth muscle cells (25) , which may augment vasoconstriction by enhancing calcium sensitivity of the contractile elements. Indeed, Wolin et al. (30) describe that pulmonary arterial contraction to H 2 O 2 can be reduced by MAPK inhibition. H 2 O 2 can also inhibit the activity of both protein tyrosine phosphatases and serine/threonine phosphates via thiol oxidation of active site cysteine residues, a mechanism that has been shown to cause H 2 O 2 -dependent vasoconstriction (21, 23) . Thus a possible effect of H 2 O 2 , other then affecting the availability of AT1 receptors, such as MAPK-and phosphatase-dependent regulation of calcium sensitivity, cannot be entirely excluded on the basis of present study. The molecular mechanisms, by which high intraarteriolar pressure and H 2 O 2 enhance the availability of AT1 receptors, could be an interesting subject of future studies, since the functional availability of AT1 receptors is regulated primarily by internalization, governed by complex mechanisms (8, 12) . AT1 receptor internalization has been shown to involve both clathrin-dependent and -independent pathways (12) , and it requires initial phosphorylation, hence acute desensitization of the AT1 receptors by G protein-coupled receptor kinases (1, 16) . Thus it is possible that ROS interfere with the internalization and/or the dephosphorylation-dependent reactivation of AT1 receptors leading to sustained availability. Although these mechanisms have been described primarily in cell culture experiments, the functional evidence for the operation of these pathways in intact arterioles is still missing, most likely due to methodological difficulties. Nevertheless, future studies could elucidate which of these mechanisms are sensitive to the level of intraluminal pressure and affected by ROS and H 2 O 2 and the possible contribution of these intracellular pathways mediating the pressure-sensitive enhancement of the surface availability of AT1 receptors.
Regardless of downstream signaling mechanisms, which need to be clarified, there are several important clinical implications of our present findings. It has been established that Ang II leads to vascular oxidative stress via increased activity of NAD(P)H oxidase (18) . On the basis of the findings of the present study, we propose that high intraluminal pressure, via increased production of ROS, enhances the functional availability of AT1 receptors. Taken together, a pathological feedforward mechanism can develop in the wall of resistance vessels, which could eventually lead to exaggerated Ang IImediated increased vascular resistance and systemic blood pressure, without involvement of the systemic RAS. This feed-forward pathomechanism could initiate changes not only in the regulation of vasomotor function, but also in remodeling of the vascular wall. These ideas are suggested by findings of large clinical trials showing that many forms of human hypertension and consequent vascular diseases can be effectively treated with AT1 receptor blockers (3, 5, 22, 29) even in the absence of elevated levels of plasma Ang II.
In conclusion, we propose a novel pathophysiological mechanism by which high intraluminal pressure (independent of the circulating and tissue levels of Ang II), via increased production of H 2 O 2 , augments the functional availability of AT1 receptors, a mechanism that may operate in every form of hypertension or disease states associated with oxidative stress. Also, we propose that the level of intraluminal pressure, even in the physiological range, continuously modulates the functional availability of AT1 receptors and related signaling mechanisms.
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